Abstract Three radionuclide-spiked salt solutions have been prepared that simulate a range of typical compositions in Savannah River Site waste solutions. The Savannah River National Laboratory performed a series of tests with the three salt solutions designed to determine the propensity of ammonium molybdophosphate (AMP) to bind some of the common analytes such as the actinides (Pu, Am, Np, U), strontium, or the elements (Ag, As, Ba, Cd, Cr, Hg, Pb, Se) regulated by the Resource Conservation Recovery Act (RCRA). The results of the tests indicate that within the protocol conditions, AMP exhibited no appreciable affinity for plutonium, neptunium, uranium and strontium. AMP showed a possible minor affinity for americium; however, the data is not as clear due to continued americium solubility changes during the duration of the experiment. Of the eight RCRA elements studied, AMP exhibited affinity for only silver under our experimental conditions.
Introduction Nearly all samples of high level radioactive waste require large dilutions before being handled outside of a shielded cell designed to reduce exposure to radiation. This large dilution is a source of difficulty for obtaining sensitive analyses on species of concern. This dilution is necessary to reduce dose limits associated with samples being analyzed; undiluted samples usually exceed the 10 mrem@30 cm administrative limit at Savannah River Site (SRS). In most cases, the high dose results from gamma emissions from 137 Cs, which is present in most of the waste solutions. Recently, personnel began using ammonium molybdophosphate (AMP) resin to remove cesium in an attempt to minimize the dose, and therefore the required dilution [1] [2] [3] .
The initial attempts showed variable results but demonstrated the feasibility of the method. Personnel selected this approach due to the high selectivity of AMP resin for cesium with indications of negligible sorption of strontium and the actinides [4] . The work described in reference 4 involved the use of AMP-PAN (that is AMP bound in polyacrylonitrile), which functions identically to AMP for the elements of interest here.
To examine whether AMP would interfere with the measurements of strontium, RCRA elements and selected actinides, the authors devised several tests using simulated waste solutions. Half of the tests contacted AMP, while the other half (controls) did not. The results were compared and AMP was found in most cases to not interfere.
Experimental

Materials
Most of the radioisotopes ( 239/240
Pu, 238 U, 237 Np, 241 Am) were provided by on-site stocks of the appropriate solutions. Tracer strontium ( 85 Sr) was purchased from Perkin Elmer Life Science Products. All other reagents were Electronic supplementary material The online version of this article (doi:10.1007/s10967-012-2338-1) contains supplementary material, which is available to authorized users.
purchased from Aldrich, Malinkrodt or Fisher (reagent grade) and used without further purification.
Work involving radioactive materials was performed according to documented procedures in radiological containment hoods and was designed to minimize personnel exposure.
Physical measurements
The 239/240 Pu analyses were carried out by radiochemical separations followed by alpha spectrometry analyses. The plutonium was extracted from the sample matrices using a solvent-solvent thenoyl-triflouroacetone (TTA) based extraction. Each extraction was traced with 236 Pu to quantify plutonium recoveries. The plutonium TTA (PuTTA) extract was flame mounted on stainless steel alpha planchets. The alpha planchets were analyzed using passivated implanted planar silicon detectors coupled with either a multiplexed array of Canberra Industries quad alpha spectrometers interfaced with a Canberra Industries Genie-2K PC based multichannel analyzer, or a Canberra Alpha Analyst alpha spectrometry system.
The 85 Sr and 241 Am were analyzed by gamma spectrometry. The gamma spectrometry system was based on an Advanced Measurement Technology, Inc.'s 50 % relative efficiency N-type high purity germanium GMX detector. The detector was interfaced to a Canberra Industries Genie 2K multichannel analyzer PC based system. The detector was enclosed in a Changer Labs lead shielded, automated robotic sample changer.
238 U and 237 Np, as well as some non-radioactive species, were measured by inductively coupled plasma mass spectrometry (ICPMS) using a VG Elemental Plasma Quad 2 Inductively Coupled Plasma Mass Spectrometer.
Additional non-radioactive species were measured by inductively coupled plasma emission (ICPES) spectrometry using a Perkin Elmer Optima 3000, or by atomic absorbtion (AA) using a Varian Spectra A-80, or by cold vapor Hg (CVHg) using a Thermo Science VP100.
Radioactive solution preparation and equilibrium Three different salt solutions based on previous SRNL simulant recipes were prepared. The ''high hydroxide'' and ''high nitrate'' recipes derive directly from previous work, while the ''high potassium'' recipe represents a variation of the ''SRS Average Waste'' recipe [5] . The amount of potassium (0.1 M) in the high potassium recipe represents a challenge to planned solvent extraction operations because it can cause formation of a third phase [6] . Due to this effect, SRNL has value in determining if the use of AMP will improve measurements of potassium in tank waste. Table 1 lists the components of each of the three salt solutions. The order of the species listed in Table 1 is the order in which personnel added the material to the salt solution during preparation. During the solution preparation, radionuclides were added along with the non-radioactive chemicals. Non-radioactive (i.e., ''stable'') strontium was omitted as the bulk reagents typically contain enough tramp strontium 1 for testing (with a target of 800 lg/L). The solutions were made in 250 mL low density polyethylene bottles which were tightly capped to prevent an influx of atmospheric carbon dioxide. Once made, the solutions were allowed to equilibrate for a total of 7 weeks to insure that the actinides and strontium reached solubility equilibrium. The solutions were filtered with a 0.1 lm polyethylene sulfone (PES) filter cup after 3 weeks into this equilibrium period to eliminate any insoluble species. During six of the seven weeks, samples were collected from each bottle. The collected samples were filtered using a 0.45 lm nylon syringe filter, acidified with nitric acid, and analyzed by PuTTA and gammascan and ICPMS for the actinides and strontium to observe the approach to equilibrium. [7] .
For this work, the experiments examined the effects of 29 and 109 dilutions as part of the AMP treatment. We based these dilutions on prior trials that indicated these are the minimal dilutions necessary for as low as reasonably achievable exposure control and for adequate acidification of the samples. Measurements for each of these solutions and dilutions occurred in triplicate.
RCRA and non-radioactive element testing A risk exists that AMP will show an affinity for elements in a RCRA analysis (i.e., Ag, As, Ba, Cd, Cr, Hg, Pb, Se). For this work, an additional quantity of high potassium simulant (Table 1) was prepared, but without the radioisotope spikes (so we could work with the materials in a non-radiological chemical hood). The simulant was spiked with 100 mg/L each of the eight RCRA elements. The solution was then allowed to equilibrate for 4 weeks before filtering through a 0.2 lm PES filter cup to remove solids. Two weeks after filtration, the AMP and control tests were performed in the same general manner described below. SRNL performed ICPES, AA, and CVHg-AA on selected samples to look for any AMP affinity for the RCRA elements.
General procedure using AMP All work that used AMP followed the same general procedure. For this work, sample aliquots of salt solutions were adjusted with nitric acid until the requisite pH range (1-2) was reached with the effective dilution being tracked. The molarity of acid used depended on the salt solution and the desired sample dilution ( Table 2 ). The samples were allowed to digest for at least 2 h before proceeding. Then, 30 mL of the pH-adjusted solution was contacted with a small quantity (*60 mg) of AMP. After vigorously shaking the mixture for 30 s, the AMP was removed with a 0.45 lm poly tetrafluoroethylene (PTFE) syringe filter and the resulting filtrate was prepared for analysis. Control samples were also analyzed without AMP treatment (but still filtered) in the same exact manner as the other samples.
Results and discussion
Success for the AMP treatment protocol is defined as proving minimal uptake of non-cesium elements, while at the same time demonstrating superior instrument sensitivity through the use of AMP. The literature indicates some uptake of plutonium and americium at some pH values; however, we minimized this sorption by limiting the contact time with the AMP [8] .
Radioactive solution preparation and equilibrium During the seven week equilibrium period, filtered and acidified samples of each of the three simulant solutions were forwarded for actinide and strontium analysis. 239 241 Am and 85 Sr were measured by gamma spectroscopy. Samples were not collected after 6 weeks of equilibration. The bulk solutions were filtered after the third week's samples to ensure that no insoluble solids remained in solution. Table 3 displays the radioisotope content of filtered samples from each of the simulant solutions.
Plutonium, neptunium, uranium, and strontium all showed comparable concentrations throughout the equilibration period. Neither time nor the filtration before the fourth week's samples appeared to influence the concentrations in solution. For these radionuclides, equilibrium occurred quickly and their concentrations remained stable. Americium proved much less stable and soluble in solution. Each of the three solutions experienced a rapid decline in americium concentration in solution, which slowed during the last three samples. The last data point in the high nitrate and two of the last data points in the high potassium solutions had americium concentrations less than the method detection level (0.0821, 0.0503, 0.0829 nC/g, respectively). We originally estimated that the amount of americium added to the solution (8.05E-08 M) would fall below the solubility limit (1.6E-06 M) [9] , and should not precipitate from solution. The High Hydroxide had a slightly lower ionic strength than the other two solutions; this may account for the higher americium solubility.
Given the relatively short half life of 85 Sr (65.2 days), the strontium values are corrected for decay; all data are normalized against the first week's equilibrium sample (time = 0).
Radioactive solution testing
After the equilibration period, researchers started the AMP testing. Four samples were pulled from each solution and prepared for the AMP tests by acidifying to an acid concentration of *0.1 M (although acid concentrations of 0.01-1 M are acceptable). During acidification, two of the samples were diluted 2:1, with the other two samples diluted 10:1. Each of the diluted samples was subjected to the AMP treatment, and the remaining sample was used as a control. Personnel analyzed each of the experimental and control samples in triplicate. Tables 3, 4 , 5, 6 and 7 list the averages of the triplicate analyses. In cases where the analytical uncertainties of the triplicate data points were different but uncorrelated, the uncertainty (1r) of the average of the triplicates was calculated using the following formula (Eq. 1). In cases in the americium data where an analytical result fell below the method detection limit, we did not use the individual value in determining the average. Values in Table 4 that contained such cases are footnoted for identification.
For each of the solutions and dilutions, we compared the experimental value versus the control value. If the AMP showed no effect or affinity for an element, the difference between the control and experimental values should be less than the sum of the two variances. If the experimental result was less than the control value (after accounting for the uncertainty of the difference), that may indicate that AMP has an affinity for the element. Table 4 lists the plutonium results of the AMP strikes and controls.
Plutonium data
A rigorous approach to examining the data is to perform an analysis of variance (F test). Using this method we were able to explicitly determine if the dilution, salt solution, or the differences in the experiment/control were statistically relevant. Although a detailed explanation of the F test is beyond the scope of this document, we summarize the results as well as present some of the statistical output in the supplemental material (Attachment I). The statistical analyses were conducted using JMP Ò Version 5.0 from SAS Institute, Inc. If the probability of the F result is less than 0.05 (bottom of Table 4), then the corresponding variable (amount of dilution, composition of the salt solution, and effect of AMP) is statistically significant (at the 0.05 significance level) 2 in explaining the amount of plutonium in solution. The results of the F test for plutonium indicate that the plutonium levels in solution in our tests were not dependent on the dilution (29 or 109), the solution composition (high hydroxide/high nitrate/high potassium), or whether the sample was an experimental or control (the ''type'' variable) sample at the 5 % significance level. While the effects due to solution type are just above this significant level, remember that it is expected 0.0524 (no effect of solution composition on plutonium)
Prob.
[F (AMP) 0.7318 (no effect of AMP on plutonium) Prob.
[F (AMP) 0.1897 (no effect of AMP on uranium)
that differences in solution composition can cause small differences in species solubility. The test result is that there is no significant differences between the experimental and control data. From this data we concluded that AMP does not possess any affinity for plutonium under our experimental conditions. Table 5 lists the uranium results of the AMP experimental data and controls.
Uranium data
The high hydroxide 2 9dilution data showed an offset between the experimental and control data. Examination of the uranium 29 dilution control raw data shows that one of the triplicate results is notably low (9.62, 8.24, 6 .22 mg/L). However, a Q test does not allow us to remove this data point from consideration. Accordingly, we consider this data point to be due to analytical or experimental variance which in turn biases the control data low. We do not consider this offset between the experimental and control data to be due to AMP.
We analyzed the uranium data in the same fashion as with the plutonium data (F test). We summarize the results (Table 5) as well as present some of the statistical output in electronic supplementary data.
The results of the F test for uranium indicate that the uranium levels in solution in our tests were not dependant on the dilution, or whether the sample was an experimental or control sample. The difference in solution composition produced a significant variance, indicating that the uranium levels in solution did depend on the solution composition.
The most important result is that there is no significant differences between the experimental and control data. From this data we concluded that AMP does not possess any affinity for uranium under our experimental conditions. Table 6 lists the neptunium results of the AMP control and experimental data. As with the uranium data, the high hydroxide 29 dilution data showed an offset between the experimental and control data. Examination of the neptunium 29 dilution control raw data shows that one of the triplicate results is notably low (0.241, 0.226, 0.180 nCi/g); the same data point for the uranium data-obtained from the same IC-PMS analysis-is also low. However, a Q test does not allow us to remove this data point from consideration. Accordingly, we consider this data point to be due to analytical or experimental variance which in turn biases the control data low. The fact that both the uranium and neptunium data points have the same data point that is low reinforces the notion that the offset between the experimental and control data is not due to AMP.
Neptunium data
We analyzed the neptunium data in the same fashion as with the plutonium data (F test). We summarize the results (Table 6) as well as present some of the statistical output in electronic supplementary data.
The results of the F test for neptunium indicate that the neptunium levels in solution in our tests were not dependant on the dilution, or whether the sample was an experimental or control sample. The difference in solution composition produced a significant variance, indicating that the neptunium concentration in solution did depend on the solution composition.
The most relevant result is that there is no significant differences between the experimental and control data. From this data we concluded that AMP does not possess any affinity for neptunium under our experimental conditions.
Americium data
Of all the radioisotope data, the americium information proves the hardest to interpret. Due to the lack of solubility displayed during the equilibrium period, some of the analyses of americium gave less than detectable concentrations. This issue continued during the AMP strikes. Table 7 shows the americium data. Of the 12 sets of data, three sets consist entirely of method detection limits (MDL), and thus provide no insight on the influence of the AMP treatment. The high potassium 29 control data contained a single analysis below the MDL and we exclude that value from the calculations.
From all the data we conclude that AMP may possess a small affinity for americium under our experimental conditions.
We analyzed the americium data in the same fashion as with the plutonium data (F test). We summarize the results (Table 7) as well as present some of the statistical output in electronic supplementary data.
The results of the F test for americium indicate that the americium levels in solution in our tests were not dependant on the dilution. The difference in solution composition produced a significant variance, indicating that the americium concentration in solution strongly depended on the solution composition. The difference between the experimental and control samples also was significant, indicating that AMP does have an affinity for americium.
As part of the F test analysis, we examined the effect of one variable at a time. In the case of the experimental/ control variable, we estimated the degree of difference in the behavior of americium in the experimental versus control experiments. By comparing the least square mean results (control = 0.760, experimental = 0.686), we estimated the decontamination factor (DF) caused by the presence of AMP in the experiment (control 7 experimental) to be 1.11.
Strontium data
The strontium data showed excellent agreement between the experimental results and control data ( Table 8) .
We analyzed the strontium data in the same fashion as with the plutonium data (F test). We summarize the results (Table 8) as well as present some of the statistical output in electronic supplementary data.
The results of the F test for strontium indicate that the strontium levels in solution in our tests were dependant on the dilution, as well as the difference in solution composition. Finally, whether the sample was an experimental or control sample had no effect on the strontium in solution.
The primary result is that there is no significant differences between the experimental and control data. From this data we concluded that AMP does not possess any affinity for strontium under our experimental conditions.
RCRA and non-radioactive element testing
In addition to determining the effect of AMP on soluble radionuclides, SRNL tested the effect of AMP on other elements, particularly the RCRA elements (i.e., Ag, As, Ba, Cd, Cr, Hg, Pb, Se). The experiments followed the same general procedure as used in the radionuclide testing, although the solution volumes and amount of AMP used differed. A High Potassium salt solution was used that did not contain radionuclides. Table 9 lists the data for the experimental and control samples. The results are from single analyses.
Of all 16 elements that we could qualify from the data, AMP showed an affinity for only silver (i.e., significantly more silver reported in the control than in the experiment). This agrees with data from the literature [10] . While we might expect AMP to have an affinity for potassium (same chemical group as cesium), the experimental and control values agreed within analytical uncertainty. The selenium result is noticeably higher in the experimental data (than in the control), which indicates that AMP treatment may give a false positive high result, or a selenium impurity may be present in the AMP.
While elemental sulfur and phosphorus are listed in the table, the sulfur in the study came from sulfate anion, and the phosphorus came from phosphate anion. Therefore, while we can make no conclusions about AMP affinity for atomic sulfur or phosphorus, we can say that AMP does not have any affinity for sulfate or phosphate anions.
From ICPMS fission product analysis, a limited amount of data can be retrieved from the analysis. Non-radioactive strontium, cesium, and rubidium data can be assessed. The rubidium data ( Table 10 ) clearly indicates that AMP has an affinity for Rb. This behavior is expected, as Rb is the element above Cs in the periodic table; the affinity for AMP for some of the alkali metals is well known. SRNL also examined the effect of AMP on the cesium. While the affinity of AMP for cesium is well known, the researchers decided to quantify the effect under our reaction conditions. The cesium data came from the radionuclide testing samples. During the equilibrium period, the non-radioactive cesium concentration remained relatively constant. The differences in the cesium concentrations in each of three solutions are most likely attributable to varying amounts of tramp cesium introduced from the three different chemical recipes. Table 11 shows the data for the experimental and control samples for the AMP strike. In each case the AMP exhibited a strong affinity for cesium.
The DF varied between the tests and even varied between the dilutions. Table 12 lists the DF values for each data set. Prob.
[F (AMP) 0.0607 (there is no effect of AMP on strontium) Under a variety of conditions, the minimal DF %30, which is adequate to reduce exposure for sample removal from the cells.
Literature review of AMP data
The literature contains numerous studies of the affinity of AMP for various elements [4, 8, [11] [12] [13] [14] [15] [16] . One of the most comprehensive single documents on element sorption is by Marsh et al. [8] . Marsh tested a large number of sorbents with acidified simulant (Hanford SY-102) supernate solutions. Among the sorbents, Marsh tested the ability of AMP-PAN (AMP bound to polyacrylonitrile) to sorb any of 14 different elements over three contact time periods (0.5, 2 and 6 h). For comparison, our work used a contact time of 30 s. Table 13 provides the DFs from these tests.
In addition to cesium, it appears that in the literature, AMP-PAN has measurable affinity for cerium, yttrium, and americium at contact times of 30 min or greater. SRNL work reported in this document indicates that AMP possibly has a small affinity for americium over short (30 s) contact times. These data sets illustrate that longer contact time with AMP increases uptake for those elements that the material does sorb.
The 30 min contact time data point from the Marsh work for americium translates to a DF of 1.94. Our 30 s contact time work gives an (composite) americium DF of 1.11. While this may indicate a minor AMP affinity for americium, the differences in the two DF values may be attributed to the contact times for the two sets of work. The Todd work shows a minimal, if any, affinity of AMP-PAN for mercury(II) and plutonium, and a small affinity for americium.
An earlier study by Smit et al. [10] investigated the effect of AMP on sodium, potassium, rubidium, thallium, and silver. Smit used acidified (pH 2) solutions of ammonium nitrate with the appropriate radioisotope contacted with AMP for a period of *8 h (''overnight''). Table 15 lists the distribution coefficients and DFs from Smit's work, as well as DF values from this work.
AMP appears to have a strong affinity for thallium, a strong affinity for rubidium, and a moderate affinity for silver. Although not tested in his work, Smit declared that AMP should also have an affinity for mercury(I).
Work by Faubel et al. [16] declared that antimony, ruthenium/rhodium (Faubel used a mixed 106 Ru/Rh tracer) and europium were not sorbed from a 1.9 M nitric acid solution after a 10 min contact with AMP. The report did not provide any distribution coefficients.
Finally, DiPrete of SRNL (unpublished results) studied the effect AMP had on cobalt and europium. Analytical development at SRNL examined the spike recoveries of radiocobalt and radioeuropium when samples were treated with AMP (Table 16 ).
In the case of cobalt, the difference between the before (treating the solution with AMP) and after (treating the solution with AMP) was 4.4 %, which was less than the analytical uncertainty of the measurement. This means that AMP has no discernable effect on cobalt. With europium, the difference before and after was 6.0 %, which was larger than the analytical uncertainty. From this we conclude that AMP can have an effect on europium, although not a large one.
In total, literature references declare that AMP has a minor affinity for americium, cerium, europium and yttrium after extended contact (i.e., longer than 30 s). These affinities are dependent on the experimental conditions used and tend to fall off as the pH decreases (Marsh reference). AMP also has an affinity for silver, thallium, and rubidium. Mercury (II); the most common form of mercury in strongly acidic solution, does not readily sorb on AMP, although mercury (I) should. The effect of AMP on yttrium and europium (both group III elements) suggests that AMP likely can have an affinity for the rest of the rare earths or lanthanides.
Conclusions
• Researchers developed a sample treatment protocol, using AMP to remove sufficient cesium to allow handling of the samples with minimal dilution. While the protocol conditions can vary somewhat, SRNL specifically used the following treatment steps.
-pH adjust the sample to the range of 0.01-1.0 M acidity -Mix 30 mL of acidified sample with 40-60 mg of AMP -Cap and shake the mixture for 30-60 s -Filter AMP from the liquid using 0.45 lm PTFE syringe filters -Send filtrate directly forward for analysis
• We consider these steps subject to some variation as circumstances determine. For example, using 0.45 lm cellulose nitrate cup filters in the place of the PTF, syringe filters is perfectly acceptable. NA not analyzed in this work a The Rb DF was a composite value from data in Table 10 Table • Within the protocol conditions, AMP exhibited no appreciable affinity for plutonium, neptunium, uranium or strontium.
• AMP showed a possible minor affinity for americium; however, the data is not as clear due to continued americium concentration changes during the length of the experiment and proximity of the MDL.
• Of all eight RCRA elements (Ag, As, Ba, Cd, Cr, Hg, Pb, Se), AMP exhibited affinity for only silver under our experimental conditions. • SRNL determined that under our experimental conditions, AMP has an affinity for rubidium.
• While our data did not indicate that AMP has an affinity for potassium at our experimental conditions, the literature contains examples where AMP showed some affinity for potassium.
• The use of AMP can clearly provide a benefit for those analytical procedures that do not require dilutions. Radiochemistry is the primary beneficiary. The effect on ICPMS, ICPES, or AA, which require dilutions to reduce salt content, is harder to judge at this time. The results of the real waste tests will be required before we can make a judgment in those cases.
• From similar tests reported in the literature, it appears that cerium, yttrium, europium, thallium, americium, silver, and possibly mercury (I) have or may have some affinity for AMP. However, differences in the testing methods do not make this an absolute conclusion. As yttrium and europium are either rare earth or lanthanide elements, AMP will likely show an affinity for other rare earths or lanthanides.
Supplementary material
Although a detailed explanation of the F test is beyond the scope of this document, we present some of the statistical output in Attachment I. The statistical analyses were conducted using JMP Ò Version 5.0 from SAS Institute, Inc.
